FTIR microspectroscopy has shown to be a proven tool in the investigation of many tissue types. We have used this spectroscopic approach to analyse structural differences between normal and aneurismal aortic tissues and also aortas from patients with congenital anomalies like aortic bicuspid valves. Spectral analysis showed important variations in amide I and II regions, related to changes in alpha-helix and beta-sheet secondary structure of proteins that seem to be correlated to structural modifications of collagen and elastin. These proteins are the major constituents of the aortic wall associated to smooth muscular cells. The amide regions have thus been identified as a marker of structural modifications related to these proteins whose modifications can be associated to a given aortic pathological situation. Both univariate (total absorbance image and band ratio) and multivariate (principal components analysis) analyses of the spectral information contained in the infrared images have been performed. Differences between tissues have been identified by these two approaches and allowed to separate each group of aortic tissues. However, with univariate band ratio analysis, the pathological group was found to be composed of samples from aneurismal aortas associated or not with an aortic bicuspid valve. In contrast, PCA was able to separate these two types of aortic pathologies. For other groups, PCA and band ratio analysis can differentiate between normal, aneurismal, and none dilated aortas from patients with a bicuspid aortic valve.
Introduction
Human aneurism is a common pathology encountered daily in the cardio-vascular surgery unit. Different pathologies of the aortic wall, such as aortic ectasia, stenosis or aneurysm are known [1] . The most important corresponds to dilations with or without atheroma (accumulation of lipid, calcium, and fibrosis). The exact physiopathology of this aortic dilatation is unknown but implication of Matrix Metalloproteinases or presence of congenital valve malformation is clearly associated with pathology. Macroscopic examination confirms modifications of physical characteristics with dilation, decrease of elastance and aortic wall resistance. The development of aneurysm is multifactorial [2] [3] [4] [5] [6] ; the final outcome of the pathology being a rupture of aortic wall, causing the death of patient in the following minutes.
At present, the main dilemma for the surgeon is to take a decision, during a heart-surgical act, whether it is necessary to replace the ascending part of aortas at the same time. To date, there is no tool available that can help the surgeon to take the proper decision. For the patient, a second surgery and replacement of the aorta many years later, increases the risk of complications by a factor of 10 [7, 8] . Therefore, development of new methods that can assist the surgeon could be very helpful and beneficial to patients.
Characterisation of the different tissue types is an important issue in view of evaluating the stage of the aortic disease and it could be in the future an important parameter of the surgical decision. Application of spectroscopic methods offers the possibility to analyse the structural information contained in a larger area of the tissue sample and to combine morphological and chemical information.
In this study, we make a preliminary attempt to use Fouriertransform infrared (FT-IR) microspectroscopy as an in vitro analytical tool for discriminating between normal and pathological human aortic tissues on the one hand, and to differentiate between the different pathological tissue types, encountered during surgery, on the other hand.
Material and methods

Aortic samples
Biopsies of aortic tissues obtained after surgeries were classified following the 4 different groups: normal tissues, tissues from patients with bicuspid valves, aneurismal tissues from patients without bicuspid valves, and aneurismal tissues from patient with bicuspid valves. Bicuspid aortic valve is a congenital disease with only 2 aortic leaflets instead of three normal leaflets.
Bicuspid aortic valves are often associated with moderate dilations of the ascending aorta which are more difficult to assess.
Normal tissues were obtained on heart explants after a cerebral death. The different pathological samples were conserved after surgical replacement acts of pathological aortas.
All samples were first conserved in sterile physiological serum just after surgery. Only tissue stripes of 20 mm × 8 mm size were snap-frozen in liquid nitrogen and conserved at −80°C. Infrared imaging was performed on 10 μm thick cryosections placed on infrared transparent ZnSe windows.
Infrared imaging of aortic tissue sections
Spectral images were acquired using the infrared imaging system Spotlight 300 (Perkin Elmer Life Sciences, France). Acquisition areas were disposed in the thickness of aortas, across the three layers of the aortic wall as this is schematised in the orcein stained section which reveals the lamellar structures (Fig. 1A) . IR images were acquired with a liquid nitrogen cooled mercury cadmium telluride (MCT-A) line detector composed of 16 pixel elements which can be operated either at 6.25 or 25 μm/pixel resolution. In our study we used the highest spatial resolution. Spectral resolution was set to 4 cm −1 . Each absorbance spectrum composing the IR images, and resulting of 32 scans, was recorded for each pixel in the transmission mode using the Spotlight software (Perkin-Elmer). An example of an IR image based on the total absorbance and an individual pixel spectrum is shown in Fig. 1B . In these conditions, a typical area of about . Each pixel (size: 6.25 μm) corresponds to one spectrum (32 scans at 4 cm −1 ) which can be extracted from the image and displayed as shown. , containing about 3000 spectra, required a recording time of about 2 h.
Data pre-processing and analysis
The Spotlight software used for acquisition was also used to pre-process the spectra. IR spectral images were produced by using the absorbance in a given frequency range, in particular here 950-1750 cm −1 . Spectra contained in the spectral images were in turn analysed using both a univariate approach (band ratio) and a multivariate approach based on Principal Components Analysis (PCA). The atmospheric correction function was applied to all IR images to compensate for water vapour and contributions present in the spectra. Spectra were also subjected to a Savitzky Golay smoothing procedure (9 points). The second derivative was calculated for all spectra followed by a vector normalisation to compensate for baseline drift and sample thickness respectively (Fig. 2) .
For PCA analysis we proceeded as follows: for each spectral image, about 10 zones each containing 25 spectra were selected and averaged. Mean spectra were pre-treated in the same way as explained above and were used for clustering.
Band ratio calculation: 3-D images were produced from the absorption spectra using the ratio of band areas in two regions of interest 1445-1335 and 1700-1485 cm −1 . Data from spectral images were further assessed by calculating the ratio (R) of band areas from the second derivative spectra of the protein absorption region: 1667-1643 over 1642-1628 cm
Results and discussion
The aortic tissue is composed of three layers (internal to external): the intima, the media and the adventice. The intima, in contact with blood, is a single layer of endothelial cells; the media, which is more implicated in aortic pathologies, is composed of concentric cylinders of smooth muscular cells associated with fibres of collagen and elastin; and the adventice, the most external layer, is composed of connective tissue with small vessels for aortic wall vascularisation. This last layer is elastic but with good resistance properties.
The infrared spectrum represents the global molecular composition of the studied tissue and reflects here the aortic wall composition at a given spatial position (Fig. 1B) . The most important constituents are fibrous proteins like elastin and collagen. The 1800-950 cm −1 frequency range contains the major part of the information coming from these two proteins together with contributions from other cells and tissues molecular components like polysaccharides, nucleic acids, lipids and fats. To highlight the spectral features, Fig. 2 shows second derivative of the mean spectra in the 1800-950 cm −1 absorption region, corresponding to the normal tissue ( Fig. 2A) and three different pathological situations encountered during surgery (2B: tissue from a patient with an aortic bicuspid valve; 2C: aneurismal tissues from patients with a normal (tricuspid) valve; 2D: aneurismal tissues from patients with an aortic bicuspid valve). Specific regions have been identified [9, 10] corresponding to Amide I and II bands, respectively, centred near 1650 and 1545 cm −1 ; the regions between 1050 and 1450 cm −1 also contain additional vibrational information about proteins and significant contributions of collagen appear at 1080, 1205 and 1340 cm −1 . It can be noted that the spectrum displayed in Fig. 2B , corresponding to a tissue originating from a patient with an aortic bicuspid valve, exhibits an additional marked peak at 1740 cm −1 , assigned to an ester carbonyl, which could be from cholesterol esters This appears quite peculiar because one would expect to see presence of cholesterol esters peak in cases of aneurysm and not in that of bicuspid aortic valve. However, it must be pointed out that this assignment is based on the fact that this particular patient had a very high cholesterol level and that the presence of this peak cannot systematically be assigned to aneurisms and presence of atheroma.
The spectral window contain other interesting features and reveals some marked differences on the structural conformation of proteins [11, 12] . The absorption band in the 1667-1643 cm −1 region represents alpha helical structure whereas the band comprised between 1642 and 1628 cm −1 can be assigned to beta-sheet secondary structure.
Analysis of the spectral information contained in IR images
One of the advantages of spectral images is that they contain both chemical and spatial information. The rapidity of modern IR imaging makes it possible to generate images from large tissue sizes and the richness of the spectral information contained makes it an interesting in vitro method to study the changes between healthy and pathological specimens [13] . However, the generation of an increasing number of spectra (reaching several thousands in some cases) via such approach which needs to be treated, makes the task more and more difficult. In this study we have analysed our data using two different approaches based either on an univariate (band ratio or specific spectral window) or on a multivariate method (principal components analysis, PCA).
From the information observed in the comparison of mean spectra or their second derivatives, IR images have been built using the band area ratio 1445-1335/1700-1485 cm −1 . In order to compare the tissue types, these images have been scaled to the same intensity. As can be seen in Fig. 3A , the spectral image corresponding to a normal tissue exhibits a very flat and quite homogeneous profile. On the other hand, the diseased tissue carrying an aneurysm shows a very inhomogeneous profile (Fig. 3B) . Using this 3D representation of spectral images, new light can be shed on a doubtful case or a surgical dilemma such as that of a patient with a bicuspid aortic valve. This is demonstrated in Fig. 3C , where the profile obtained is intermediate and tends to indicate that this tissue already shows early characteristics of a pathological situation. Recent studies have demonstrated that bicuspid aortic valve is related to genetic matrix and elastin disorders probably also implied in some ascending aortic dilations and aneurysms [3, 14, 15] . Thus, this type of approach is interesting and can be helpful for diagnostic purposes since it can give complementary information on the nature of the tissue that is difficult to appraise by histopathology.
Another way of exploiting the data contained in a spectral image can be via band ratio analysis. From the derivative spectra, we observed differences in the protein absorbing region in the range 1667-1643 cm −1 and 1642-1628 cm
corresponding respectively to alpha-helical and beta-sheet secondary structures. Since tissue modification and consequently the associated aortic pathology is related to the degradation of the fibrous proteins (collagen and elastin) of the different tissues, we have used the ratio of these two bands (R = 1667-1643 cm −1 /1642-1628 cm −1 ) present in the protein absorption region to monitor the changes within each tissue type. The calculation of this band ratio was carried out for each spectrum across a line following the cross section of the tissue, from the intima to the adventice, and the average and standard deviation were evaluated. For each tissue type, ten different lines were calculated and the results are presented in the form of histograms in Fig. 4 . This allows to compare the evolution of protein structure in relation with tissue type. Three distinguished groups came out of this analysis: tissue from patient with a bicuspid aortic valve is represented by a very low ratio (R < 2); those from healthy patients with an average value (R∼4), and the two groups containing ) for the four tissue types, calculated from second derivative spectra. Each bar represents the average value of R calculated for each spectrum along a line through the tissue cross section from the intima to the adventice. For each tissue type, 10 cross sections were calculated. We note that due to sample preparation, holes and kinks can appear in the tissues and consequently some points can give aberrant values of R. These have been omitted in this calculation. aneurismal patients with and without a bicuspid valve exhibiting higher values of this ratio (R∼10). We point out that due to sample preparation, holes and kinks can appear in the tissues and consequently some points can give aberrant values of R. These have been omitted from this calculation and not presented. This analysis shows that healthy aorta presents a value near 4 and can be considered as a reference for comparison with different pathological tissues. Other tissue types fall either below or above this reference value.
Collagen and elastin fibrous proteins constitute the most important components of the aortic wall. Collagen is composed principally of alpha helix while elastin is made essentially of beta sheets secondary structures [16] [17] [18] . Consequently, a variation in collagen or elastin content (or both) can be directly associated with modifications in the spectral profile of bands representative of alpha and beta structures. Bicuspid aortic valve is a congenital malformation which can be associated with a particular structure of the aortic wall. By inspecting the second derivative spectra of this tissue (data not shown), we noticed that the band corresponding to beta structures (1642-1628 cm −1 ) remained constant while that of alpha helical structure (1667-1643 cm −1 ) decreased. In the case of patient with aortic bicuspid valves, the decrease of the band assigned to alpha structure can be associated to a collagen depletion in the aortic wall.
Compared to healthy tissues, aneurismal tissues (with or without bicuspid valves) present similar band intensities for alpha helix type structure. So, collagen structure seems to be equally present. The difference appears in bands in the 1642-1628 cm −1 region. The decrease in beta structures in such tissues indicates elastin depletion or simply a modification of elastin structure in relation with the aneurysm development [19, 20] , which causes a loss of parallelism in this artery wall making it less elastic and more fragile.
Comparison of tissue specimens from aortic bicuspid valves and aneurysm with aortic bicuspid valves shows a strong increase in alpha structure between these two types of pathologies. A plausible explanation could be a reaction of the body against the development of a pathological situation in the form of a synthesis of collagen to consolidate the aortic wall.
Multivariate analysis of spectral information using PCA
Principal components analysis (PCA) is a powerful and objective tool that has been successfully used as an effective approach to visualise and to mine information from data tables with a large number of variables such as those contained in FTIR spectra. The discriminant information can then be helpful to differentiate various pathological situations in cell and tissue investigations [21, 22] . The advantage of PCA over univariate methods is that it can look for the maximum variance in a large data set by comparing all the absorption wavelengths. In order to optimise the discrimination between the different tissue types, we used second derivative spectra as input for the PCA. The frequency range between 950 and 1750 cm −1 , containing not only collagen and elastin main absorption peaks the principal proteins that constitute the arteries wall, but also other macromolecules, was used for the chemometric evaluation. Six tissue specimens were analysed and characterised as follows: 1 healthy tissue, tissue of 1 patient with aortic bicuspid valve, aneurismal tissues from 2 patients without aortic bicuspid valve, and aneurismal tissues from 2 patients with aortic bicuspid valve. Our first goal was to evaluate the possibility of discriminating tissues of healthy patient from those with different pathologies by using the PCA approach. The 2D-scatter plot displayed in Fig. 5 shows that by using the two first principal components, three distinct clusters could be obtained. The first cluster is composed of mean derivative spectra from the healthy tissue, the second cluster groups those obtained from a patient with bicuspid aortic valve, and the last cluster contained those from the remaining 4 cases corresponding to aneurismal tissues from patients with or without aortic bicuspid valves. The first loading vector or PC1 accounts for 33% of the explained variance and permits to discriminate healthy from pathological tissues. PC2 accounts for 28% of the explained variance and allows separating tissues with aortic bicuspid valves. As can be seen, the plot of PC1 versus PC2 offers a good discrimination of spectra of the different tissue types without any outliers. Modification in aortic structure due to genetics pattern or modification of blood pressure could explain the structural differences observed in the tissues. From a spectroscopic point of view, tissues of patients with aortic bicuspid valves seem to be not normal although their aortic diameter is normal. Patients with aortic bicuspid valves present aortic structural modifications associated with valve malformation. However, this aortic wall modification is not considered as pathological because of the absence of aortic dilation but rather as a predisposition to future aneurysm development. This is an interesting aspect because the spectroscopic method shows the potential to reveal biochemical alterations in tissues even before diagnosis of the disease, which is here based on the molecular and morphological changes of the main constituents of the aortic tissue. The second objective was to differentiate between aneurysms with or without bicuspid valves. This was more difficult as was also the case using band ratio analysis. Therefore, results on band ratio and PCA analyses confirm this observation. An important observation in this study is that FTIR spectroscopic data give 2 distinct groups of non dilated tissues (healthy and patient with aortic bicuspid valve) which seem to form a single group with the advent of an aneurysm.
Conclusion
Over the last few years, FTIR microspectroscopy and imaging has improved in both rapidity and performance as an analytical tool. It is suitable for in vitro investigation of healthy and pathological tissues since it combines both spatial and chemical information. In this study we have shown that the spectral images can be interpreted using different approaches based on either univariate or multivariate methods. Threedimensional representation using absorbance values, after preprocessing of data, could be one way of visualising spectral images in view of recognising healthy from aneurismal tissues and can also show the trend of suspected tissues. Using simple band ratio such as alpha-helical to beta-sheet content and multivariate analysis like PCA, the spectral information contained in the IR images can be used to characterise tissues with aortic diseases like aneurismal dilations. Moreover, this approach highlights tissue composition differences between non dilated aortic tissues from patients with tricuspid or bicuspid aortic valves. Spectral modifications seem to be strongly correlated to collagen and elastin conformational modifications. However, the importance of the contribution of these proteins in each tissue category needs to be clearly established. This preliminary study based on a limited number of samples will be completed by increasing the recruitment of biopsies for each tissue type.
